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I. INTRODUCTION 
The mixing of turbulent  coaxial  streams of similar 
and  dissimilar  fluids is an integral  part of many  practical 
engineering  problems.  Ejectors,  afterburners,  jet  engine 
combustion  chambers,  and  the  concepts  advanced  for  a  gaseous 
core nuclear rocket are  only  a  few  examples  utilizing  a 
coaxial  mixing  process. 
The coaxial jet is divided  into two regions: 
a) The initial region. 
b) The downstream region. 
The downstream  region  is  considered  to  be  the  region 
where, at  least  experimentally,  a  similarity  exists  between 
velocity  profiles at each  cross  section and a  boundary 
layer  type  analysis  usually  fits  the  experimental  data  well. 
The initial  region  is  the  region close to  the  initial 
cross  section  of  the jet where  the  mixinq  region  between 
the  jets is established. The flow in  this  region is usually 
considered  to consist of a  notential  flow core bounded by 
an  annular  mixing  region.  When the inner  stream  has a 
higher  velocity  than  the outer, the  velocity  remains  constant 
in  the  potential  core  and  is  equal  to  the  initial  inner 
stream  velocity. However, very  little  is  known  about  the 
initkal  region of the  coaxial  jet  with  faster  moving  outer 
stream. As the  outer to inner  stream  velocity  ratio is 
increased,  the wake behind  the  pipe  interacts  with  the 
issuing  inner  stream  to  establish flow patterns  which  depend 
on the  velocity ratio and  the  geometry  of the system. 
It is the object of this work to investigate  these 
flow patterns. 
The results  of  this  work  are  limited o incompressible 
low speed coaxial jets  with  inner  stream  qas  density  equal 
to or greater  than  the  outer  stream. The outer  stream 
velocity  was kept constant at a  value of Uo = 48 ft/sec 
and  the  inner  stream  velocity  was  varied to qive  different 
velocity  ratios  from Uo/Ui = 1  to Uo/Ui = 03 . Two 
cases were examined: 
a) Homogeneous case, where  the  inner and outer 
streams were both  air. 
b) Heterogeneous case, with  Freon  12 as  the  inner 
jet  and  air as the  outer  stream. The density 
ratio of Freon 12  to  air  is  four. 
11. BACKGROUND 
A schematic  diagram of a  coaxial  jet is given  in 
Figure 1 . 
The initial  region is the  region  close  to  the  initial 
cross  section of the  jet  where  the  mixing  region  between  the 
jets  becomes  established. ICuethe (l), Abramovich ( 2 )  and 
Forstall and  Shapiro ( 3 )  studied  the  initial  region of an  air 
jet  issuing  into  a  coflowing  air stream, with  the  inner  jet 
having  a  higher  velocity  than  the  coflowing  stream.  The 
flow  in  the  initial  region  is  considered  to  consist of a
potential  core  bounded by an  annular  mixing  region. The 
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Figure 1. - Schematic diagram of a coaxial jet. 
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potential  core is considered to be the  region where the 
velocity  remains  constant  and is equal to the  initial 
inner jet velocity.  Kuethe  found  that  the  length of the 
potential  core was 4 . 5  nozzle  diameters.  Forstall & Shapiro 
who carried out measurements on a  coaxial  jet  with  outer  to 
inner  stream  Velocity ratio of ( .2  - . 5 )  found  that  the 
length of the  potential  core  is  determined  mainly by tile 
velocity ratio of the two coflowing streams, and  presented 
an  empirical  relation  between  length of the  potential  core 
and  velocity  ratio.  Abramovich ( 2 )  derived  theoretical 
expressions  relating  the  length  of  the  potential  core t  
the  initial  velocity ratio for  two-dimensional  and  axially 
symmetric  coaxial  jets.  For  a  jet  issuing  into  an  ambient 
stream  both  the  expressions of Ahramovich  and  Forstall & Shaniro 
reduce  to  a  value of four  pipe  diameters  for  the  length of the 
potential  core.  Hinze  and  van  der  Hegge  Zijnen ( 4 )  give  a 
somewhat  higher  value of 6 to 8 pipe  diameters for the 
length  of  the  potential core in the  submerged  jet. 
Abramovich  finds in contrast  to  Kuethe's work, that 
the  non-dimensional  velocity  profile  in  the  initial  mixing 
region  is  universal  and  does  not  depend  on  the  velocity 
ratio. This dimensionless  velocity  profile  coincides  with 
the  data of Albertson, et.al. (5) for  the  initial  reqion o f  
a  submerged  air jet. 
Miller  and  Comings (6) and  Sami  Carmody  and  Rouse ( 7 )  
report  pressure  measurements  in  the  initial  region  of  an 
air  jet  issuing  into  still  air.  They  show  that  a  positive 
4 
static  pressure  exists  within  the  potential  core  for R ew
diameters  from  the  initial  cross  section,  while n  the 
initial  mixing  reqion  the  pressure  is  negative.  These 
pressure  variations  are  probably a result of the  "smoothing" 
of the viscous  velocity  profile in the  nozzle of the issuing 
jet. 
The downstream region of a  coaxial  jet  is a. region 
where at  least  experimentally,  a  similarity  exists  hetween 
the  velocity  profiles at each  cross  section.  Forstall  and 
Shapiro ( 3 )  report a  universal  non-dimensional  velocity 
profile  in  the  main  region  of  an (.2 - . 4 6 )  outer  to  inner 
stream  velocity ratio coaxial  air  jet.  This  non-dimensional 
velocity  profile  is  identical  to  the  velocitv  profile  re- 
ported  by  Abramovich  for  a  coaxial  jet  and  also  identical 
to the  one  obtained  by  Truppel ( 8 )  for  a  submerged  jet. 
A universal  non-dimensional  plot of temperature  for  an 
axially  symmetric  submerged  jet is  given  by Corrsin & Uberoi ( 9 )  
and  a  universal  non-dimensional  concentration  Dlot is yiven 
by  Abramovich (2) and  Forstall and Shapiro ( 3 1. While 
the  non-dimensional  temperature and concentration  plots 
are  identical,  they  are  different  than  the  non-dinensional 
velocity  plots. The difference  indicates  that  mass and 
heat  spread  faster  than  momentum. 
Until recently, most  of  the  theoretical  and  experi- 
mental works on coaxial  jets  dealt  with  the  case o f  the 
inner jet moving  faster  than  the  outer  stream.  Abramovich 
sh'ows some theoretical.  results  for  the case  where  the  ratio 
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of outer to inner  stream  Velocity is (1 - 2 .5 ) .  Most of 
the theoretical  results  for  the  initial region agreed with 
the experimental data. Zawacki  and  Weinstein.  (10)  carried 
out extensive  measurements of an axially  symmetric  coaxial 
jet for which the  velocity ratio ranged from 1 to 3 9 . 5  with 
the inner  jet  having  the  lower  velocity.  They  also  inves- 
tigated the heterogeneous case, with  inner to outer  stream 
density ratio of 4 to 1 and 7 to 1. Zawacki and Weinstein 
found  that  in  the  downstream region both  the  velocity and 
the concentration  profiles can be expressed  in  a  non- 
dimensional form which  is  independent of the  velocity  and 
density  ratio. However, the  experiments  in  the  initial 
region show a  marked  deviation  from  previously established 
results  for the initial region !3y other  investigators. 
Substantial  velocity  variations occur in the  potential core, 
these  variations  increase  with  an  increase in the  velocity 
ratio. This indicates  that  the  flow  characteristics in 
the initial region of a coaxial jet with high  outer  to 
inner  stream  velocity ratio are different than  is  predicted 
by  the  present jet theories.  Abramovich  suggests  that when 
the ratio between  the  outer  to  inner  stream  velocity  is 
high, flow reversal of the  inner jet may  occur  near  the 
nozzle exit.  In recent years, more investigators  have 
shown interest in this  type of flow. A recent  paper by 
Johnson (11) reveals more of the  features of the  mixing of 
high  velocity ratio coaxial jets. 
Very  little is known about the initial  region of the 
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coaxial  jet  with  faster  moving  outer  stream. A s  the  outer 
to inner  stream  velocity ratio is  increased,  the  wake 
J 
behind  the  inner  stream  pipe  interacts  with  the  issuing 
inner jet to establish flow patterns  which  depend  on  the 
velocity ratio and  the  geometry of the  system. 
The existence of an eddy  behind  a  separated  boundary 
layer is typical to wake flow  behind  solid  bodies.  Foppel 
(12)  described in 1905 a  standing  eddy  with  back  flow  behind 
a  circular  cylinder  placed  normal  to  uniform  stream. The 
wake behind  a  cylinder  has  been  the  subject  of  numerous  in- 
vestigations. The best  known of  these  concern  the  Von  Karman 
theory of vortex  shedding. 
Much  less  work  has  been  done on axisymmetric  turbulent 
wakes behind  bluff  bodies.  Carmody  (13)  studied  the  estab- 
lishment of the wake behind  a 6 inch  diameter  disc  placed 
in a  uniform  air  stream.  Carmody's  results  show  the  dif- 
ference  between  the  initial  region of a  2-dimensional  wake 
behind  a  cylinder  and  the  axially  symmetric  wake  behind 
a  bluff  body.  The  axially  symmetric  eddy  is  more  stable, 
and  there  exists  in it a  well  defined  flow  pattern.  Calvert 
(14) studied  the shape of  the  eddy  behind  cones of dif- 
ferent  vertex  angles  placed  in  a  uniform  stream.  Static 
pressure,  velocity  and  velocity  fluctuations  for  the  dif- 
ferent  cones were all  correlated  with  a  suitable  streamwise 
length  scale.  Other  forms  of  back  flow  are  reported  in 
the works of Chevray (15)  and Chigier and  Beer (16) . 
Their results on jets and wakes can  be  summarized  as 
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follows:  Both  jets  and  wakes  exhibit  similarity  of 
average  parameters in the  downstream  region. The initial 
region of the  axially  symmetric wake behind  bluff  bodies 
consists of a  stationary  recirculating bubble, whereas 
the initial region of  the  coaxial  jet with the  inner  stream 
of  higher  velocity  than  the  outer  stream  displays  a  con- 
stant  velocity  potential  core. The flow  patterns in the 
initial  region of a  coaxial  jet  with  a  higher  outer  stream 
velocity  have not yet been  reported. As the  outer  to  inner 
stream  velocity ratio approaches  infinity,  the  initial 
region  takes  the  form of the  initial  resion  in  the wake of 
a  bluff  body.  However,  this  wake is different  than  the  one 
reported by Carmody or Calvert, since no base  exists  at  the 
upstream  initial  cross  section. The eddy  can  move  into  the 
opening  of  the  inner  stream nd establish  somewhat  dif- 
ferent  flow  patterns. 
111. THEORETICAL  CONSIDERATIONS 
An  analytical  description  of  the  inception of re- 
circulation can be  obtained  from  the  inviscid  theory f 
vorticity-induced  flow.  In  the  vicinity  of  the  initial 
cross-section  of  the  flow  under  the  end  of  the  inner  jet 
pipe  there is a region of  very  large  velocity  gradient. 
This region is made  up  of  the  boundary-  layers on both 
sides of the  inner  jet  pipe. A s  these  boundary  layers 
separate  from  the  pipe end, they  form  two  interacting 
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vortex  sheets. The net effect  is  a  rotational  region 
which expands  laterally  by  turbulent  diffusion.  This 
rotational region has a.velocity field  associated  with it. 
As a  limiting case, we will  assume  that  there  is no lateral 
spread  of  vorticity  and  the n t cylindrical  vortex  sheet 
extends  to  infinity.  We will also  assume  that  this  vortex 
sheet  is  a  linear  combination  of  the  inner and  outer  stream 
vortex sheet as shown  in  figure 2, 
Figure 2. - Idealized  vorticity f i e l d  in a coaxial 
jet. 
The induced  velocity  field  associated  with  a  vortex 
sheet can  be  expressed  as  follows  (17): 
9 
where,  
U i s  t h e  
P 
a 
W i s  t h e  
c). 
r r a d i u s  
t o  t h e  
S is t h e  
v e l o c i t y   i n d u c e d  a t  a p o i n t  p 
s t r e n g t h  of t h e  v o r t e x  s h e e t  
vector from a p o i n t  o n  t h e  v o r t e x  s h e e t  
p o i n t  p 
area of t h e  s h e e t .  
We w i s h  t o  f i n d  t h e  i n d u c e d  v e l o c i t y  a t  t h e  c e n t e r  of t h e  
i n i t i a l  c r o s s  s e c t i o n .  The system of c o o r d i n a t e s  i s  g iven  
i n  f i g u r e  3 .  
Figure  3. - The system of coordinates. 
The s t r e n g t h  of t h e   o u t e r   v o r t e x   s h e e t  i s  Uo d i r e c t e d  
i n  the tie d i r e c t i o n .  The i n n e r   s h e e t  has  a s t r e n g t h  U i  
and i s  d i r e c t e d   i n   t h e   o p p o s i t e   d i r e c t i o n  -ie . 
Thus, 
A A 
W = ( U o  - U i )  it) 
and,  
J -% -A 2 
r = - (ro + a )  = - r  - 9. 1 + X 0 ir 
Now, 
r r 
s i n  @ t a n $  
0 0 r = -  , a = - -  , dS = 2 7 ~  r dR 
0 
S u b s t i t u t i n g ,  
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dS = - 27~ ro 2 d$ 
s i n  J I  2 
and,  - 
w x ?  = + z - 1 R ( U o  - U i )  + ix r (Uo - ui)  r 0 
T h u s   t h e   i n d u c e d   v e l o c i t y  a t  t h e   p o i n t  p i s ,  
The x component  of U i s ,  
P 
The  induced  ve loc i ty  i s  d i r e c t e d  i n w a r d  i n t o  t h e  p i p e  
uo - u i  
and i t s  v a l u e  i s  2 . Since  w e  assume t h a t   t h e  
v e l o c i t y  o f  t h e  i n n e r  j e t  i s  Ui , back  flow w i l l  occu r  when 
Uo = 3Ui . T h i s   i d e a l i z e d   p i c t u r e  of t h e  v o r t i c i t y  i n t e r -  
a c t i o n  i n  t h e  i n i t i a l  r e g i o n  o f  a c o a x i a l  j e t  i n d i c a t e s  
t h a t   i f   t h e   v e l o c i t y  r a t i o  Uo/Ui i s  g r e a t e r   t h a n  3 a 
r e c i r c u l a t i n g  e d d y  w i l l  be formed.  This i s  o n l y  a l i m i t i n g  
case. However, t h e   a n a l y s i s   i n d i c a t e s   t h a t   b a c k   f l o w  i s  
p o s s i b l e  d u e  t o  t h e  l a r g e  v o r t i c i t y  of t h e  s e p a r a t e d  o u t e r  
stream. The f a c t  t h a t  v e l o c i t y  level d o e s   n o t   a p p e a r   i n  
t h e  s o l u t i o n  i n d i c a t e s  t h a t  it o n l y  h a s  a second order 
e f f e c t  i n  d e t e r m i n i n g  when r e c i r c u l a t i o n  starts i n  a real 
turbulen t   f low.   Recent ly ,   Shavi t   and   Lavan   (18)  solved t h e  
c o m p l e t e  v o r t i c i t y  e q u a t i o n  f o r  l a m i n a r  c o a x i a l  m i x i n g ,  a n d  
11 
r e p o r t  t h e  c a l c u l a t i o n  shows  an  eddy a t  t h e  i n i t i a l  r e g i o n  
of t h e  j e t .  
.I\ ;j 
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I V .  EXPERIMENTAL INVESTIGATION 
Exper imenta l  Appara tus  
The a p p a r a t u s  u s e d  i n  o b t a i n i n g  d a t a  f o r  t h e  c o a x i a l  
f low system w a s  t h e  same o n e  t h a t  w a s  used by Zawacki and 
Weins te in  ( 1 0 ) .  See f i g u r e  4 .  A v e r t i c a l  column t h a t   h a d  a 
s q u a r e  cross s e c t i o n  of 8 i nches  and  cons t ruc t ed  o f  3 / 4  i n c l l e s  
t h i c k   p l e x i g l a s s  w a s  d i v i d e d   i n t o   t h r e e   s e c t i o n s .  The f i r s t  
was a 2 4  i n c h  e n t r a n c e  r e g i o n  w h i c h  w a s  lonq  enough t o  
p rov ide  a p a r a l l e l  f l o w  f i e l d  w i t h o u t  t o o  much boundary 
l a y e r   b u i l d u p .  The   second  sec t ion  w a s  a 3 6  inch   long  t e s t  
s e c t i o n   w h e r e   m i x i n g   o f   t h e  t w o  streams took   p lace .  The 
t h i r d  s e c t i o n  w a s  a s h o r t  1 2  i n c h  s e c t i o n  f i l l e d  w i t h  c a r d  
board  honeycomb t o  p r e v e n t  a n y  s w i r l i n g  o f  t h e  f l u i d  d u e  
t o  e x i t  e f f e c t s .  The  bottom  of  the tes t  s e c t i o n  w a s  con- 
nec ted  t o  t h e  i n l e t  of the  b lower  wi th  8 i nch  d i ame te r  
s h e e t  metal t u b i n g .  A B u f f a l o   f o r g e   t y p e  GE, l o w  p r e s s u r e ,  
h igh  capac i ty  b lower  w a s  used t o  p r o v i d e  t h e  s u c t i o n  f o r  
t h e  o u t e r  stream of the   sys t em.  The i n n e r  stream was i n t r o -  
d u c e d  i n t o  t h e  center o f  t h e  column  by a f o u r  f o o t  l o n g  
s t a i n l e s s  s tee l  t u b e ,  w i t h  a n  o u t e r  d i a m e t e r  of 3/4 inches  
and a w a l l  t h i c k n e s s  of 0.0135  inches.  The v e l o c i t y  p r o f i l e  
i n  t h e  i n n e r  p i p e  w a s  f u l l y  d e v e l o p e d .  
1 2  
FREON 12 FROM 
CONSTANT TEMPERATURE CYLINDER 
AIR FILTER 
3/4@ INNER STEEL TUBE 
A '  i T i 5 8 " x  8" SQUARE DUCT 
I 
I 
I I 
I 
HOT-FILM, I 17 TRAVERSING  MECHANISM ANEMOMETER I 
I - i  
I I ,  ,PROBE CABLE 
TEST SECTION\. I I TO  CONTR L CHANNEL f" I 
I 
id 
I 
PORT HOLE-" 
I 
CARDBOARD HONEY COMB 
IN EXIT SECTION 
i
-TO BLOWER INLET 
Figure 4 .  - Experimental  apparatus. 
A traversing mechanism, with both lateral  and  axial 
movement, was mounted on the 3 6  inch test section of the 
column. A 24 inch slot was milled  through  the  mechanism 
and the plexiglass to provide  access  to  any  point in the 
mixing  region. 
Three high  precision Brooks rotameters were used to 
measure  the  volumetric  flow of air  and Freon to the  inner 
stream. The Freon was supplied  from 145 pound  cylinders. 
The hot film anemometry  instrumentation  needed  for 
measurement  of velocity, concentration  and  turbulence 
quantities were supplied  by thermo systems  incorporated of 
Minneapolis,  Minnesota. Two independent channels were pro- 
vided to control two films at  a constant temperature.  Each 
unit was equipped  with  a  linearizer  that  provided a direct 
measure of the  power  dissipation of the film. A Hewlett- 
Packard root mean square voltmeter was supplied  to  measure 
the r.m.s. voltage  of  each  signal. A Tektronix 502 A dual 
beam  oscilloscope  was  used  to  monitor  the  outputs of he  con- 
trolling  channels. Two types  of  probes were supplied  with 
the  system. The first was  a single hot film, 0 . 0 0 2  inches 
in diameter  and .04 inches in length. The second  type  of 
probe was the  aspirating  probe, which was a .001 inch 
diameter hot film mounted  in  a . 0 8  inch  inner  diameter  tube. 
A jewel  bearing,  with  a 0.007 - 0.009 inch  diameter  hole 
drilled  in it, was mounted  in the tube  in  back  of  the  wire. 
A Cenco vacuum  pump was used  to  withdraw  the  sample  from 
the system, past  the hot film  and  through  the  bearing. The 
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vacuum  pump  provided  sufficient  pressure d op so that  there 
was sonic flow through the jewel  bearing at all  times. 
Two types of pressure  probes were used in the  experi- 
ment. A static pressure  probe was constructed  to  measure 
the ambient  pressure in the  mixing  region.  The  probe was 
made of a .032" stainless  steel  hypodermic tubewith side 
holes of .015" in  diameter.  Since a slight  vacuum of 
approximately 4 inches of water  existed  in  the  test  appa- 
ratus due to the suction of  the blower, another  reference 
probe was used  with  the  measuring  probe  as  shown  in  figure 
5a. The reference  probe was similar  to  the  measuring  probe, 
but was held in the  outer  stream at a  distance of 6 inner 
pipe radii from the  measuring  probe. It was  assumed  that 
the  reference  probe  monitored  the  free  stream  static  pres- 
sure. This assumption  has  been  checked and  verified  in  the 
experiment. 
The second  probe  consisted  of  a  long  cylindrical 
hypodermic  tube of . 0 6 4 "  O.D. Two holes  of . 0 0 8 "  in 
diameter,  were  drilled on the  surface  of  a  short  brass 
cylinder with azimuthal  angle  of 80' (Figure 5b). The 
holes were connected  to  the  hypodermic  tube y similar 
holes  drilled in the brass  cylinder  parallel  to  its  axis. 
Each  hole was connected  to  an  opposite  section of the  tubing. 
The two  edges of the  hypodermic  tube were connected  to  the 
two  sides of a  differential  micromanometer  that  measured 
the  difference in pressure of the  azimuthal  holes.  This 
probe was used to find  direction of the flow, and  is  the 
+ l/8"0. DI \ , 0 6 4 " O ~ ) n  t STAINLESS STEEL 
1 
BRASS FITTING 
a. Cylindrical Probe 
l/4'fPi- V64"HOLES 
STATIC PROBE 
b. S t a t i c  Probe 
Figure 5. - Details of pressure probes. 
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same  probe  that was used  by Lavan and Fejer (19). 
Experimental  Techniques 
For measurement of average  velocities and turbulence 
intensities,  a single hot film was used. The probe  was 
mounted in a  horizontal  position  directly  connected  to  the 
probe  holder without using  any  adaptor.  Setting  the  probe 
in  this  position  minimized  the  interference  caused by  any 
adaptor  with  the flow patterns  in  the  initial  reqion. The 
measurements  were  taken  in  the  region  between  the  mouth  of 
the  jet and 3 inches  downstream,  which is  equivalent  to 
x = 8.5 r . 
0 
Since  backflow was expected  to  exist  in  the  initial 
region  and  because the hot film  does  not  respond  to  the 
direction of flow, the  sign of  the  measured  velocity  had  to 
be determined  separately.  For  high  velocity  ratios,  where 
back  flow  was  suspected  to  take  place, a center  line  ve- 
locity  profile as shown in figure 6a was recorded  with  the 
film. The corresponding  true  velocitv is shown in  fiqure 
6b. The minimum  points in figure 6a correspond  to  zero 
velocities  and  hence  to  stagnation  points  in  the  true  ve- 
locity  profile. 
Stagnation  points were located with the  cylindrical 
probe. The downstream  stagnation  point was located as 
follows: The probe was placed at an  axial  distance  of 
2 inches.  The  center  stream  line  direction was determined 
first by finding  the  azimuthal  angle  for  which  the  pressure 
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Figure 6. - Comparison between wire reading and t r u e  
velocity profile. 
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difference between  the holes was zero, and  then the probe 
was rotated 40" - half  the  angle  between  the  holes.  At 
this position, one of the  holes was facing  upward  with 
axis coinciding  with  the  center line. The probe was then 
slowly  moved in the  upstream  direction and the pressure 
difference between the two  holes was constantly  monitored. 
A point was reached where the  pressure  difference was zero. 
The reading  remained  zero  even when the  probe  was  rotated  in 
all azimuthal  directions.  This  point was assumed  to he 
the stagnation point. 
The vortex  center was similarly  found. The probe was 
moved in a  radial  direction  at  different  cross  sections. 
A point was reached where the  pressure  difference  was 
nearly zero and  remained  practically  constant when the  probe 
was rotated in different  azimuthal  directions.  It was 
impossible  to  locate  the  upstream  stagnation  point  this 
way. Zero value  pressure  differences were not  recorded  in 
the region close  to  the  initial  cross  section. 
The location  of  the  stagnation  point and  vortex  center 
agreed well with the  location  of zero velocity  found  by  the 
hot wire. 
The pressure was measured  with  an  inclined  manometer. 
The range of the  manometer was from zero to .02 inches  of 
water with reading accuracy of 5 x inches. Pressures 
were taken of the  center  line for different  cross  sections. 
The axial and radial distance were measured  with  a  precision 
ruler of 1/100 inches  in  accuracy. 
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According to Tmoore  (20) when a  static  probe  is  aligned 
with the direction  of mean flow the error in the  pressure 
reading due to turbulence is * 9 (vn2 + w' ) . No 
agreement  could be reached on the sign of the correction. 
1 
- - 
It seems that  turbulence  affects  the  pressure  reading  in 
two  ways.  The  turbulence  intensities  together  with  the 
main flow will combine to give  an  effective  velocity Cii- 
rection  which  is  different  than  the  mean flow direction. 
Since  the  probe is aligned with the  direction  of  the  mean 
flow the  pressure  reading will be  reduced. On the  other 
hand, the  lateral  turbulence  intensities exert an  impact 
back on the holes, thus  increasing  the  pressure  reading. 
These two effects will depend on the  type of turbulence  in 
the  flow. If  the scale of turbulence  is  small  relative  to 
probe  diameter as in  the  flow  behind a grid, the  sign of 
the correction term - (v' + wt2 1 is positive. The 
sign will be  negative  in  a  flow f which  the  turbulence 
- - 
1 
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scale is  large  compared to probe  diameter.  It  is  hard 
therefore  to  correct  the  pressure  measurements  for  tur- 
bulent  effects.  Miller  and  Comings ( 6  ) who measured 
measured  static  pressure in the wake behind  a  body  of 
revolution  using  a  static  probe,  did not correct  their 
pressure  reading for the  effect  of  turbulence. In any 
event, the  resulting  correction  in  the  present  work  would 
not have been  more  than 2%  of  the  dynamic  head of the outer 
stream. 
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Flow visualization  techniques were employed  to  obtain 
-1 
more insight into the  mixing  process.  The  mixing  process  of 
the  Freon  and  air  streams  establishes  regions  of  changing 
density. These regions  can be recorded on a  photographic 
plate  using  the  shadowgraph  technique. The shadowgraph 
picture  depends on the  second  derivative of density, and 
hence  quantitative  analysis of the  picture is extremely 
difficult. However, since the  mixing  process  in  the  present 
case  is  of  a  turbulent ature, a  qualitative  analysis  of  the 
details  of  the  flow  is  possible. 
The  shadowgraph  pictures were taken  with  a  1530 GR single 
flash  strobolum. The flash was of 1 second  time  duration 
and  its  intensity was 5  million  candles.  Two  types  of  photo- 
graphic  film were used: 
a) A 3000 ASA  5  1/2"  x 4 1/2" Polaroid  film 
b) A  1600  ASA 10" x 8" Kodak  film 
The  Polaroid was mainly  used  for  investigating  the 
initial  region  while  the  negative  film  was  used  to  photo- 
graph  the  entire  jet  including  the  main  region.  The  neg- 
atives were printed on high  contrast  Agfa  paper. 
At the  actual  picture  taking,  the  strobolum  was  placed 
at approximately 12 feet from  the  jet.  The  flashing  lamp 
was  covered with aluminum  foil  and  a  small  hole  1 mm. in 
diameter was made at the  center to achieve  better  resolution. 
The photographic  film was placed  in  a  plate  with  a  movable 
screen. 
The plate  was  placed at about  10  inches  from  the jet. 
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The  room w a s  b l a c k e n e d  a n d  t h e  l i g h t  w a s  t u r n e d  off. The 
s c r e e n  was removed  f rom the  p l a t e  and  the  s t robo lum was  
t r i g g e r e d  t o  c a u s e   t h e   f l a s h .   F o l l o w i n g   t h e   f l a s h   t h e   p l a t e  
w a s  c l o s e d  a n d  t h e  l i g h t  w a s  t u r n e d   o n .   T h e   f i l m  w a s  l a t e r  
deve loped .   Th i s   p rocedure  w a s  r e p e a t e d   f o r  a l l  t h e  v e l o c i t y  
r a t i o s  u s e d .  
I n  t h e  homogeneous j e t  t h e  b a c k  f l o w  r e g i o n  was s t u d i e d  
w i t h  a Freon  tracer i n j e c t i o n   t e c h n i q u e .  Small  q u a n t i t i e s  
of   Freon  1 2  ( 2 0  cc/min)  were i n j e c t e d  t h r o u g h  a . 0 6 4 "  
d i a m e t e r  h y p o d e r m i c  t u b e  e i t h e r  a t  t h e  c e n t e r  l i n e  o f  t h e  
i n n e r  j e t  o r  h a l f - w a y  b e t w e e n  t h e  c e n t e r  a n d  i n n e r  j e t  w a l l .  
The i s s u i n g  v e l o c i t y  of t h e  tracer w a s  a d j u s t e d  t o  b e  a 
l i t t l e  g r e a t e r  t h a n  t h e  c e n t e r  l i n e  v e l o c i t y  o f  t h e  u n d i s -  
t u r b e d  v e l o c i t y  p r o f i l e  o f  t h e  i n n e r  j e t .  The p a t t e r n  of 
t h e  F r e o n  t racer  i s  v i s i b l e  o n  t h e  s h a d o w g r a p h  p i c t u r e  a n d  
i n d i c a t e s  t h e  a x i a l  stream l i n e  d i r e c t i o n .  
V. RESULTS AND DISCUSSION 
The f i r s t  series o f  expe r imen t s  was c a r r i e d  o u t  i n  o r d e r  
t o  d e t e r m i n e  t h e  e f f e c t  of t h e  i n i t i a l  v e l o c i t y  r a t i o  on t h e  
r a t i o  o f  c e n t e r  l i n e  v e l o c i t y  t o  i n i t i a l  c e n t e r  l i n e  v e l o c i t y  
a n d  t h e  a x i a l  t u r b u l e n c e  i n t e n s i t y  t h r o u g h  t h e  i n i t i a l  r e g i o n .  
The v e l o c i t y  o f  t h e  o u t e r  j e t  was k e p t  c o n s t a n t  a t  a v a l u e  
of  Uo = 4 8  f t / s e c   a n d   t h e   a v e r a g e   v e l o c i t y  of t h e   i n n e r  
j e t  was v a r i e d  t o  g i v e  t h e  d i f f e r e n t  v e l o c i t y  r a t i o s .  The  
2 2  
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turbulent  intensity  of  the outer stream was about 3 % .  
Figure 7 shows that the  center  line  velocity  remains  at 
-e 
a constant  value  for a short distance, decreases, reaches 
a minimum  and then increases. A s  the  velocity ratio is 
increased,  the  point  of  minimum  velocity  moves  closer  to 
the  jet  initial  cross  section.  The  turbulence  intensities 
in  figure 8 increase in magnitude  from  the  initial face, 
reach a maximum  and  decrease  further  downstream.  The  ve- 
locities  are  normalized  on  the  initial  face  centerline 
velocity  with no outer  flow. 
These  results  are  different  from  the  results  for  the 
initial  region  of  the  jet  which  were  reported by Forstall and 
Shapiro (1) or Abramovich (2). In  the  present  case  of a high 
outer to inner  stream  velocity  ratio  coaxial jet, the  length  of 
the  "potential"  core  is  smaller  than  for a submerged  jet  or 
low  velocity ratio coaxial jets. Furthermore,  for  velocity 
ratios  greater  than 3.5, the  constant  velocity  potential 
core  practically  disappears  and a constant  velocity  region 
does  not  exist. 
Figures 9 and 10 show  the  change  in  center  line 
velocity  and  concentration of the inner  jet  for  different 
velocity  ratios in the  heterogeneous  case.  Four  velocity 
ratios  were used, - - 4 ,  6, 12, 20. The  behavior  in  the 
heterogeneous  cases  is  similar  to  that of the  homogeneous 
cases.  The  velocity  decreases,  reaches a minimum and  then 
increases. In the  heterogeneous case, the  potential  core 
region  is  longer  than  in  the  homogeneous  case  and  disappears 
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Figure 7. - Decay of centerline  velocity as a  function of 
initial  velocity  ratio,  homogeneous jet. 
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Figure 8. - Centerline  turbulence  intensity as a function of axial distance, homo- 
geneous jet. 
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Figure 9. - Decay  of  centerline  velocity  as  a  function of 
initial  velocity  ratio,  heterogeneous  jet. 
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Figure 10. - Decay of centerline density as 'a func- 
tion of initial velocity ratio. 
at  a  higher  velocity  ratio  of  approximately 14. This is 
attributed  to  increase  in  the  momentum of the  inner  stream 
by a  factor  of 4. In figure 10, the  length  of  the  constant 
density  potential  core is approximately  equal  to  the  length 
of the  constant  velocity core. However,  a  sharp  decrease in 
concentration  is  evident  for  the  high  velocity  ratio  cases. 
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For - - 20,  the  nondimensional  concentration  decays  to 
"i 
1/10  Of  its  initial  value  in  four  radii.  Zawacki  and  Weinstein 
(10) , who measured  concentration  profiles  far  downstream, 
report  a  similarity  region  for  the  concentration  starting 
at - = 11.2 . Thus more  than 90% of  the  center  line  con- 
centration  decay  takes  place  upstream of the  similarity 
region. 
X 
r 
0 
From  figures 7 and 9 it  is  evident  that  after  reaching 
a minimum, the  low  velocity  inner  jet  (high  velocity  ratio) 
is accelerated  faster  than  the  high  velocity  inner  jet  (low 
velocity  ratio). The center  line  velocity  of  an  initially 
low  velocity  jet  exceeds  the  center  line  velocity  of a
higher  velocity  jet. 
This  behavior  in  the  initial region, of decreasing 
and  then  increasing  center  line  velocity,  is  typical  of  a 
high  velocity  ratio  coaxial  jet  system when the  outer 
stream  is  faster  than  the  inner  stream.  Figure 7 shows 
that  as  the  velocity  ratio  is  increased,  the  minimum  in  the 
velocity  profile  is  lower. If the  velocity  ratio is 
further  increased,  the  minimum  velocity can reach  zero 
values or even  become  negative. Thus, as  the  velocity 
2 8  
ratio is increased further, a  flow  reversal  region  will  be 
established.  When  the  outer  faster  stream  separates  from 
the  outer  boundaries of the  inner  jet  pipe  it  starts  to 
entrain  fluid  from  the  central  region.  This  entrainment  is 
due to the  shearing  action  of  the  faster  moving  jet.  Through 
the  process of entrainment of the  outer  part of the  slower 
jet,  the  stream  lines  in  the  region  close  to  the  outer  jet 
will  converge since the  fluid  is  accelerated.  Since  the 
mass flow of  the  inner  jet  is  constant,  the  stream  lines 
close  to  the  center  line  will  diverge as a  result of the 
deceleration of the  fluid in order  to  satisfy  the  contin- 
uity  condition. Thus, a  region  of  positive  pressure is 
generated on the  center  line of the  jet. The  inner  jet  is 
then  subjected  to  two  forces. The faster  annular  stream 
accelerates  the  inner jet and  the  downstream  positive 
pressure  tends  to offset this  force and  retard  the  inner 
fluid.  If  the  pressure  rise  exceeds  the  dynamic  head at 
the  center  line  of  the  inner jet, a  complete  reversal  of  the 
flow  will  occur with the  formation  of  a  closed  recircu- 
lation  region. If, however,  the  momentum  of  the  inner 
stream  is  high enough, the  accelerated  outer  region  will 
reach  the  center  line  before  a  complete  reversal  occurs. 
At this  point  the  velocity of the  center  line  reaches  its 
lowest value, the  inner  jet  is  entirely  absorbed  by  the 
outer stream, the pressure  gradient  drops  further  downstream 
and  the whole flow  behaves as a wake does. 
Figure 11 shows the  possible  configuration  of  the flow 
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INTERMEDIATE VELOCITY  RATIO 
HIGH VELOCITY RATIO 
~~ 
Figure 11. - Effec t  of v e l o c i t y  r a t i o  on the  s t r eam l ines  
i n  t h e  i n i t i a l  r e g i o n  of t he  coax ia l  j e t .  
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patterns. For low  velocity ratio, the  stream  lines  are 
slightly  diverted  from  their  original  direction.  For 
intermediate  velocity ratios, there will be an appreciable 
decrease in the  center  line  velocity.  The  stream  lines 
converge at the interface  between  the two jets  and  diverge 
at the  center line. In both  cases  the  laterally  expanding 
rotational region at the  interface  between  the  jets  induces 
potentially  the  diverging  stream  lines  near the center line. 
For high  velocity ratio, complete  flow  reversal  occurs.  All 
the  initial  inner  stream  lines  are  diverted  from  the  center 
line. A toroidal  vortex  is  generated  with  forward and 
backward  stagnation  points and a  ring  vortex  center. 
A generalization  for  the  definition f the  potential 
core  in the initial  region  of  a  jet  is  needed  to  include 
the  observations  of  the  present  work. A potential  core 
still  exists  in  the  coaxial  jet  under  consideration. How- 
ever, this  potential  core is not  simply  specified  by  a 
constant  velocity. It is a  potential  flow  region of varying 
velocity. The velocity  in  the  potential  core  essentially 
changes  isentropically  and  viscous  or  turbulent  energy 
losses  are  negligible.  Then  by  applying  Bernoulli's 
theorem on the  center  stream line, the  potential  core  length 
is defined as the length  over which, 
UCi  and Pci are  the  initial  values of the center  line 
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velocity  and  pressure of the inner jet. 
When  back  flow  occurs in the  initial  region  the 
upstream  stagnation  point  pressure  ps is expressed as: 
This  definition  of  the  potential  core in the  initial 
region  is  more  general  than  the  constant  velocity  potential 
core  definition. 
The shadowgraph  pictures of the  coaxial  jet  give  more 
insight  into  the  mixing  process.  Plates 1, 2, 3 ,  4 show 
an  inner  Freon 12 jet  mixing  with  a  coflowing  air  stream  at 
velocity ratios of ui = 2, 4 ,  10, 20 . The shadowgraph 
picture is a  two-dimensional  projection of a  three  dimen- 
uO 
sional  phenomenon. The shadows on the  plates  are  an  in- 
tegrated  result  of  the  variation  in  the  intensity  of  a 
light  beam  passing  through  the jet. However,  the  edge  of 
the  jet  can  be  considered  as  two  dimensional  because of 
its  small  thickness. Hence, the intermittency  in  the  shadows 
on the  picture  can  be  assumed  to  represent  the  intermittency 
of the  turbulence  in  the  boundary  layer of the  jet.  It is 
also  evident  that  varying  velocity ratio has  a  small  effect 
on the  spreading of the jet.  In  all  four  shadowgraphs,  the 
width  of  the  visible  jet as a  function of axial  distance 
remains  almost  the  same  for  the  four  velocity  ratios in 
the  experiment.  The  boundaries of the jet follow approx- 
imately  a  straight  line  with  a  slope  of C = . 05  . Abramovich 
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r e p o r t s  a v a l u e   o f  C = ( .2  - . 3 )  f o r  a submerged j e t .  I t  
i s  shown h e r e  t h a t  f o r  h e t e r o g e n e o u s  c o a x i a l  jets w i t h  
d e n s i t y  r a t i o  of 4 a n d  t h e  o u t e r  stream moving f a s t e r  t h a n  
t h e   i n n e r  stream, t h e   v a l u e   o f  C i s  an  order   o f   magni tude  
smaller t h a n   t h i s   v a l u e .  However ,   chang ing   dens i ty   r a t io  
shou ld  have  l i t t l e  e f f e c t  o n  t h e  s p r e a d i n g  ra te  a n d  t h e r e f o r e  
t h e  moving  outer  stream r e t a r d s  t h e  s p r e a d i n g  as sugges t ed  
by Abramovich.  Thus t h e  s p r e a d  o f  a j e t  i n  a f a s t e r  moving 
o u t e r  stream i s  slower t h a n  t h e  s p r e a d  of a c o a x i a l  j e t  w i t h  
s lower   moving   ou ter   s t ream  or   submerged  j e t .  P l a t e  5 shows 
t h e  d i f f e r e n c e  i n  s p r e a d  o f  a 2 : l  v e l o c i t y  r a t i o  c o a x i a l  j e t  
and  the  submerged j e t  o f   t h e  same i n n e r  stream v e l o c i t y .  I t  
c a n  b e  c l e a r l y  s e e n  t h a t  t h e  s u b m e r g e d  j e t  s p r e a d s  f a s t e r  t h a n  
t h e  c o a x i a l  j e t .  
When t h e  i n n e r  s t r e a m  is  f a s t e r  t h a n  t h e  o u t e r  s t r e a m ,  
t h e  d i r e c t i o n  o f  m a t e r i a l  t r a n s f e r  i s  t h e  same a s  t h e  
d i r e c t i o n  o f  momentum t r a n s f e r  - from the f a s t e r  t o  the 
slower  moving j e t .  I n  t h e  p r e s e n t   c a s e ,  momentum i s  
t r a n s f e r r e d  f r o m  t h e  o u t e r  f a s t e r  s t r e a m  t o  t h e  s l o w e r  
h e a v i e r  Freon j e t .  T h u s ,   t h e   l a r q e   d e c r e a s e  i n  Freon 
c o n c e n t r a t i o n  ( f i g u r e  11) i s  n o t  a r e s u l t  o f  f a s t  d i f f u s i o n  
o f  F r e o n  i n t o  a i r ,  b u t  i s  a r e s u l t  o f  bu lk  movement o f  
t h e  o u t e r  a i r  stream toward   t he  center  l i n e .  The merging 
o f  t h e  f a s t e r  a i r  stream w i t h  t h e  i n n e r  F r e o n  j e t  r e s u l t s  
i n  t h e  d i l u t i o n  o f  t h e  i n n e r  stream. T h i s   d i l u t i o n  takes 
p l a c e  t o  a g r e a t  e x t e n t  i n  t h e  i n i t i a l  r e g i o n .  Plates  5 
t o  11 show t h e  i n i t i a l  r e g i o n  o f  t h e  h e t e r o g e n e o u s  j e t  f o r  
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i n c r e a s i n g   v e l o c i t y  r a t i o .  W i t h   t h e   c y l i n d r i c a l   p r o b e  it 
w a s  f o u n d   t h a t   b a c k   f l o w  s ta r ted  a t  Uo/Ui = 1 3  f o r  t h e  
homogeneous j e t  and Uo/Ui = 2 6  f o r   t h e   h e t e r o g e n e u o s  
j e t .  P l a t e s  7 t o  11 show t h e   i n i t i a l   r e g i o n   w i t h   b a c k  
f low.   The   back   f low  reg ion  moves u p s t r e a m   w i t h   t h e   i n -  
crease i n  v e l o c i t y  r a t i o ,  a n d   f o r  Uo/Ui = 4 0  (p la te  1 0 )  i t  
i s  e v i d e n t  t h a t  t h e  b a c k  f l o w  r e g i o n  p e n e t r a t e s  i n t o  t h e  
p i p e .  
P l a t e  1 2  d e m o n s t r a t e s   t h e   b a c k   f l o w   r e g i o n   i  
t h e  homogeneous j e t .  Small  q u a n t i t i e s   o f   F r e o n  were i n -  
j e c t e d  t h r o u g h  a hypodermic  tube  a t  t h e  c e n t e r  l i n e  o f  t h e  
i n n e r  a i r  j e t .  The p a t t e r n   o f   t h e   F r e o n  t r ace r  i s  v i s i b l e  
o n   t h e   s h a d o w g r a p h .   T h e   u p p e r   p i c t u r e   i n   t h e   p l a t e  shows 
t h e  p a t h  o f  t h e  t racer  i n  t h e  i n n e r  j e t  w i t h  n o  o u t e r  
stream. The p i c t u r e s  o n  t h e  bottom o f  t h e  p l a t e  show t h e  
p a t h   o f   t h e   F r e o n   w i t h   t e   o u t e r  stream. I t  i s  
c l e a r l y  s e e n  t h a t  t h e  F r e o n  t racer  which was p r e v i o u s l y  
u n d i s t u r b e d ,   f o r m s  a t u r b u l e n t  b u b b l e .  
The tracer impinges on a m o u n t a i n  o f  h i g h  p r e s s u r e  
and i s  s p r e a d   i n  a l l  d i r e c t i o n s .   T h i s   i n d i c a t e s   t h a t  fo r  
t h e s e  v e l o c i t y  r a t io s  a v o r t e x  b a c k  f l o w  r e g i o n  e x i s t s  
n e a r   t h e   n o z z l e   e x i t .  T h e   i s s u i n g  stream s e p a r a t e s   f r o m  
t h e   c e n t e r   l i n e   a n d   f l o w s   a r o u n d   t h e   v o r t e x .  However, t h e  
F r e o n  t racer  j e t  w i t h  i t s  s l i g h t l y  l a r g e r  t h a n  i n n e r  stream 
v e l o c i t y  p e n e t r a t e s  t h e  b a c k f l o w  r e g i o n  s o m e w h a t  b e f o r e  
b e i n g   t u r n e d   a r o u n d   a n d   d i s p e r s e d   b y   t h e   b a c k f l o w .  See 
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figure 12. Plate 13 shows the path of  the  Freon tracer 
injected at a radial location of r/ro = .5 without  outer 
stream on the left and with  outer stream on the right. The 
path  of the tracer follows the  assumed stream lines and 
turns around the established  vortex. 
From the shadowgraphs, the existence of  back flow 
region  was considered  as  established  and measurements 
were carried out  in the initial region  for the  velocity 
ratios  for  which back flow exists.  Before making actual 
measurements of velocity, the location of the downstream 
stagnation point was found with the  aid of the cylindrical 
probe. The velocity ratio for which a first stagnation 
point was found was Uo/Ui = 13 . The stagnation point 
was  at the downstream distance of approximately x/ro = 2 .8  . 
The local turbulence intensity was quite large. 
% 
Figure 13 shows the axial velocity on the center 
line  of the jet f o r  high  velocity  ratios Uo/Ui = 16, 32 . 
Figure 14 shows the distribution of  the corresponding 
axial turbulence intensities. Figure 14 exhibits two peaks 
in the turbulence intensity profile which indicates the 
existence of unstable regions with  a relatively stable 
flow region "locked" between  them. The downstream peaks 
in the turbulence intensity  correspond to the points where 
the axial velocity is roughly zero - namely  the stagnation 
point. From figure 13 it is evident that for velocity 
ratios uo/Ui = 03 and 32, the upstream stagnation point is 
in the pipe, whereas from figure 14, the maximum turbulence 
48  
U. 
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Figure 12. - Distortion of recirculation region by tracer jet. 
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Figure 14. - Distribution of axial turbulence on centerline. 
intensity is approximately at x/ro = .5 . This dis- 
crepancy is in part a result of high turbulence  generated 
near the pipe  exit. No turbulence  measurements were 
taken in the inside of the pipe. It appears as if  the 
downstream  stagnation  point  is more stable than the UP- 
stream  stagnation  point and hence, the  upstream  portion of 
the  vortex is probably  very  unstable. Figure 14 also shows 
that  a  low  velocity  inner jet is  accelerated  faster  than  a 
higher  velocity jet. 
Assuming  that  the stream lines  are  parallel to the 
center  line at the axial station of the  vortex center, the 
hot wire readings at this  location were taken  to represent 
the  local  axial  velocity. Figures 15 and  16 show the axial 
velocities and turbulence intensities as a function of 
radial distance. As the  velocity ratio increases  the  vortex 
center  moves  away  from  the  center line increasing  the 
diameter of the  vortex. 
Figure 17 shows the  distribution of center  line  pressure 
as a function of velocity  ratio. Data for five velocity 
ratios  is given, Uo/Ui = a , 28.5 , 18 , 10.8, 6 . 
Back flow existed  for  the first three  velocity  ratios. 
The  pressure  plot for u0/Ui = , 28.5 , 18 exhibit  a 
similar  form. The pressure  increases  upstream of the 
initial  face  reaching  a peak, then  decreases  rapidly to 
a  minimum  and  increases  again  to  a  second  maximum.  Similar 
pressure  results were obtained  by Calvert (14) who measured 
pressure  distribution in the  initial  region of a wake behind 
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Figure 17. - Centerline  pressure  versus  velocity r a t i o ,  homogeneous  jet. 
cones  of different angles. The pressure  plots  for Uo/Ui = 10.8 
and 6 display  only a maximum  with no minimum.  For  the  cases 
where  circulation was present, the downstream  maximum  is  the 
location of the  stagnation point. The maximum  value  of  the 
pressure is higher  for  higher  velocity  ratios. For Uo/ui = 43 
the  maximum  stagnation  pressure is . 0 5 6  inches  of  water 
corresponding to .14  (1/2  pUo2) or  14% of  the  total  dynamic 
head  of  the outer stream. Figure 18 shows  the  corresponding 
curves  of velocity, turbulence  intensity  and  pressure  for 
Uo/Ui = . The consistency is satisfactory. 
The pressure  for Uo/Ui = 10.8 and 6 increases  mono- 
tonically, reaches a maximum and decreases, indicating that 
the  center  line  velocity  decreases  monotonically  in  the 
downstream  direction  and  reaches a minimum. The location 
of  the  minimum  velocity  corresponds to the  location of the 
maximum in the  pressure plot. For velocity 
ratio smaller  than 3 ,  no pressure  difference was observed. 
Figure 19 shows  the  pressure  plot for the  heterogeneous  jet. 
Data for  three  velocity ratios, Uo/Ui = 50,   36,  2 6  are 
given. For the  two  velocity  ratios  of 50 and 36 back  flow 
is  established while for Uo/Ui = 2 6  back  flow  is  incipient. 
The pressure  plots in this case are  similar to the  homo- 
geneous  case. 
Correlation of Data 
The measured  velocity  profiles  could  be  correlated 
and made to fall on one  line  with  suitable  scale  parameters. 
56 
Figure 18. - Pressure, velocity, and turbulence intensity on 
centerline of the jet. 
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Figure 19. - Centerline  pressure as a function of velocity r a t i o ,  
heterogeneous jet, po/pi = 4. 
Figure 20 shows a  plot of non-dimensional  velocity u/umin 
versus the nondimensional  axial  distance  x-x min’xmax-xmin 
where x max is the  location  of  the  downstream  stagnation 
point  and  Umin , X are the maximum  back  flow  velocity 
and  its  location in the vortex. The zero  value  of  non- 
dimensional distance corresponds  to  the  location f the 
maximum  back flow velocity.  This  figure  shows  that  the 
established  vortex  is  similar for different  velocity  ratios. 
The effect of velocity ratio manifests  itself in establish- 
ing  different  maximum  back flow velocities  for  different 
velocity  ratios. However, the  dimensionless  velocity 
profile  remains  similar  since  the  maximum  backflow  velocity 
is  used as the  velocity  scale.  Figure 21 shows  a  plot of 
the  nondimensional  axial  velocity at the  downstream  location 
of  the  vortex  center  versus  a  nondimensional  radial  distance. 
The center  line  velocity  which  here is the  maximum  back  flow 
velocity,  was  taken as  the  velocity scale, and  the  radial 
distance  at which the  axial  velocity  is  zero  was  used  as 
the  length  scale. 
min 
Figure 22 shows the  comparison  between  pressure  measure- 
ment by Calvert (14) and  the  present  work.  Calvert  correlated 
his  pressure  results  for  different  cones  with  a  suitable 
definition  of  origin  and  streamwise  length  scale.  The 
pressure scale was taken as the  difference  between  the 
maximum  and  the  minimum in each  individual  pressure  plot, 
and the  length  scale was taken as the difference  between 
the  axial  position at which the center  line  velocity was 
59 
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Figure 20. - Correlation  of the centerline  velocity in the  backflow region for 
different  velocity  ratios. 
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Figure  21. - Radial  d i s t r i b u t i o n  of nondimensiona,l a x i a l  v e l o c i t y  in the  vo r t ex .  
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Figure 22. - Correlation of pressure data with results of Calvert (1967). 
zero and the location  of  the  minimum in pressure. The 
curve shown in figure 22 is the  similarity  curve  for  all 
his pressure data. The  pressure  curve  in  the  present  work 
for Uo/Ui = ..(pure wake) was made  non-dimensional  using 
the same pressure  and  length scales as was  used by Calvert 
and the comparison is shown in figure 2 2 .  It is  shown 
that  although  the  general shape of  the  two  curves  is  similar, 
the correspondence is not good. 
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In Calvert's  work  the  downstream  face of the  cone is 
solid, while for  the  pure wake in the  present  work  the 
back flow did  penetrate  into  the  pipe. As a  result of  the 
difference in Calvert's  work  the  stagnation  point is fixed 
while in the  present  work  the  location  of  the  upstream 
stagnation  point is not fixed. 
In the coaxial flow  case  of  Johnson  (111,  a  porous 
plate was attached to the  end  of  the  inner  stream  pipe. 
This prevented  the  backflow  region  from  penetrating  into 
the  inner  stream  pipe  at  high  velocity  ratios.  It  there- 
fore is expected  that  his  recirculation  region  resembled 
more  closely  that  of  Calverts  than  did  that in the  present 
work. 
Another  comparison  is  shown of the  pressure  data  with 
the  results  reported by  Chigier  and  Beer (16). They  measured 
pressures in the flow region  near  the  nozzle  for  double 
concentric jets. No correlation  of  pressure  was  attempted 
by Chigier  and  Beer. Data that was reported  by  Chigier 
and  Beer  for  the  case with the  annular  jet  only  is  compared 
6 3  
to the pressure measurement in  the present work  for 
u_/u; = . The pressure values were  made non-dimensional 
figure 23. It is  evident  that good agreement exists in 
the  region inside the vortex ( x X-xmin -x between zero and 
one) . max min 
The  region for which the dimensionless axial distance 
is greater than 1.0 corresponds to the region downstream 
of the stagnation point. In this region the agreement 
between the two experiments is  poor since Chigier and  Beer 
used a finite annular jet  while  in the present case the 
outer stream can be considered to  extend to infinity  in 
the radial direction. It appears that the vortex generated 
behind a cylindrical pipe in dimensionless variables is 
independent of the outer stream velocity level. The non- 
dimensional plot  of pressure taken for = 48 ft/sec 
(present work) agreed well  with measurements taken  in a 
stream of velocity of 45 m/sec (Chigier and  Beer). 
uO 
A plot of nondimensional pressure a s  a function of 
velocity ratio  is presented for the homogeneous case in 
figure 24 and for the heterogeneous case  in figure 25. It 
is evident that velocity ratio certainly affects the  form 
of the vortex region  as is shown through the changing 
pressure profiles. 
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Figure 23. - Correlation of centerline  pressure  with  results  given by
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VI CONCLUSIONS 
1. For 1 < Uo/Ui < 4 the  coaxial flow is characterized 
by a  constant  momentum deficit at each  cross  section 
and an iso-velocity  initial  potential  core. 
2. As the velocity ratio Uo/Ui is increased, the length 
of the  potential  core  decreases.  For  the  homogeneous 
case, the  potential  core  disappears at Uo/Ui = 3 . 5  . 
For  the  heterogeneous case, the  potential  core  disappears 
at velocity ratio of  approximately Uo/Ui = 14 . Above 
this  value,  the  center line velocity  decreases first, 
reaches  a minimum, and  then  increases  toward  the  limiting 
outer  stream  velocity. The pressure  is not uniform. 
Initially,  the  pressure on the  center  line is lower 
than  free  stream  pressure. The center  line  pressure 
increases  further downstream, reaches  a maximum, and 
then  drops  to  the  free  stream  pressure.  The  location 
of the  maximum in the  pressure  profile  corresponds 
roughly  to  the  location  of  the  minimum  in  the  velocity 
profile. 
3. A back  flow  vortex,  in  the  homogeneous case, is  formed 
at velocity ratios, Uo/Ui > 13 . For  the  heterogeneous 
case, the  back flow region  starts  at Uo/Ui = 26 . The 
backflow  region is at first very  unstable,  with  an  inter- 
mittent  flow  component.  The  backflow  vortex  becomes 
more  stable when the  velocity  ratio  is  increased.  For 
the case of a  pure wake Uo/Ui = Q) , the  flow  patterns 
are the  most  stable  and  the  center  line  pressure  and  the 
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center  line turbulence intensity exhibit  two peaks 
corresponding to two stagnation points. The dif- 
ference  between  the forward stagnation point pressure 
and free  stream pressure is approximately .12 of the 
dynamic head of the  outer stream. The maximum back 
flow velocity is U = - .31 uo . 
4 .  The pressure field becomes uniform for  all velocity 
ratios downstream of x/ro 8 . The center line 
velocity at  this location is approximately U = . 5  Uo . 
5. A non-dimensional form of pressure profile for the  pure 
wake (Uo/Ui = m) agreed well  with a similar profile 
given by other investigators. This shows that the vortex 
established in the  wake behind a cylinder (U /Ui = 0 3 )  
has self-similar aspects. For velocity ratios between 
0 
Uo/Ui = (03 - 12) for the homogeneous case and uo/ui = 
(00 - 2 6 )  for the heterogeneous case, the  velocity 
ratio affects the shape of  the wake and nondimensional 
pressure data did not fall on the same line. 
6 .  Radial distribution of axial velocity at the vortex 
center cross  section for different velocity ratios 
could be  made  to  fall  on  the  same line with suitable 
scale  parameters; similarly the agreement between non- 
dimensional  plot of axial velocity for different 
velocity ratios  was reasonable. 
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